Reliability evaluation is the basis for reliability design of NC machine tools. Since traditional reliability evaluation methods do not consider the working conditions' effects on reliability, there is a great error of a result of a traditional method compared with an actual value. A new reliability evaluation model of NC machine tools is proposed based on the Cox proportional hazards model, which describes the mathematical relation between the working condition covariates and the reliability level of NC machine tools. Firstly, the coefficients of working condition covariates in the new reliability evaluation model are estimated by the partial likelihood estimation method; secondly, the working condition covariates which have no effects on the reliability of NC machine tools are eliminated by the likelihood ratio test; then parameters of the baseline failure rate function are estimated by the maximum likelihood estimation method. Thus, the reliability evaluation model of NC machine tool is obtained under different working conditions and the reliability level of NC machine tools is obtained. Case study shows that the proposed method could establish the relation between the working condition covariates and the reliability level of NC machine tools, and it would provide a new way for the reliability evaluation of NC machine tools.
Introduction
With the rapid development of high-speed and highprecision technologies, NC machine tools are becoming the main equipment for advanced manufacturing technology [1] , and so they have been applied widely in many industries and regions. Kinds of machining workpieces are also very different from user to user. Meanwhile, the atmosphere pressure and temperature vary greatly from one region to another. Therefore, NC machine tools are usually in different working conditions [2] . Generally, different working conditions have different impacts on reliability of products [3] , which have been confirmed by many researches [4] [5] [6] [7] [8] [9] [10] . Hu studied the influence of various road conditions on reliability of cars, and the strengthening coefficients based on the strengthening road conditions were obtained [4] . The reliability model of power system considering weather conditions was established and the weather conditions were divided into 3-state or 2-state weather model [5, 6] . In order to evaluate the reliability of electronic system, hybrid stochastic Petri net was used to establish the reliability model. And the reliability levels of the system under different temperature and voltage were obtained [7] . Chen et al. studied the failure physics equation, which is generalized Eyring model, of aerospace electrical connectors; the multiple-stress accelerated test scheme is adopted; then the reliability levels of aerospace electrical connectors under different temperature and vibration stresses were obtained [8] . Besides, some scholars established relations between the environmental stresses and reliability levels of some products by carrying out accelerated life tests [11, 12] . Li et al. established the relationship between working conditions (the speed and load) and reliability of harmonic driver by accelerated life test [11] . Nogueira et al. studied temperature, humidity, and current impacts on reliability of high luminosity AlGaInP LEDs by accelerated life test [12] . Thus, it can be deduced from the above studies that working conditions would also affect the reliability of NC machine 2 Mathematical Problems in Engineering tools. Different working conditions cause different reliability levels, and the more different the working conditions are, the more obvious the disparity of the reliability levels is.
Reliability is one of the most important indicators of measuring the performance of NC machine tools, which has always been the researching focus by scholars [13] [14] [15] [16] [17] . Given that the result of reliability evaluation is influenced by many factors, methods including the Markov model [18] , Petri net [19] , Monto Carlo method [20] , and Bayesian method [21] are applied to reliability evaluation of NC machine tools. However, for the present, the relation between reliability of the NC machine tools and the working conditions has not been established, which causes error in the result of reliability evaluation of NC machine tools compared with the actual value. Therefore, to decrease the evaluation error, it is of great engineering significance to establish the relation between the reliability of NC machine tools and the working conditions, which is also a hard problem in reliability research on NC machine tools.
In different research areas, there are many models to describe the relations between the reliability and the working conditions. Commonly seen models, besides [4] [5] [6] [7] [8] [9] [10] [11] [12] , include Arrhenius Model [22] , Inverse Power Law Model [23] , and Cumulative Exposure Model [24] , as well as other models [25] . However, each of them is usually aimed at a specific type of product. For the NC machine tool is a typical mechanicelectric-hydraulic system, the above methods are difficultly used to establish the relationship between working conditions and reliability.
The proportional hazards model is a life statistical model, which is usually used for survival analysis in medicine field [26, 27] , and can describe relation between patients and influencing factor. Thus, a new reliability evaluation method for NC machine tools based on the Cox proportional hazards model is proposed in this paper. Working conditions of NC machine tools are taken as covariates, and then the relation between the reliability level of NC machine tools and the covariates is established based on the proposed model. The coefficients of working condition covariates of the proposed model are estimated by the partial likelihood method; the covariates which have no effects on the reliability of NC machine tools are eliminated by the likelihood ratio test; the parameters of baseline failure rate function are estimated by the maximum likelihood estimation. Then, the reliability model of NC machine tools is developed under different working conditions. A batch of NC machine tools is taken as the research object for case study, where the impact laws of environment temperature, cutting fluid, number of tool changes, and cutting force on the reliability of NC machine tools are researched, respectively. Finally, the feasibility of the proposed method is validated in the case study. This model considers the relation between failure rate and covariates, which is defined as [28] ( , X) = 0 ( ) (X) ,
Reliability Model of NC Machine Tools considering Working Conditions
where is the time between failures (TBF, a random variable) of NC machine tools, X = (
, ) is the vector of working condition covariates, which affects the failure rate of NC machine tools, is the th covariate, such as cutting force, environment temperature, number of tool changes, or vibration, and (X) is function of working condition covariates.
In general, (X) can be expressed as
, ) is the vector of X's coefficients, which reflect the covariates' influences on the failure rate function, and is the coefficient of . When > 0, it indicates that catalyzes the machine tools to fail; when = 0, has no effects on the failure rate of machine tools; when < 0, depresses the machine tools to fail. 0 ( ) is the baseline failure rate of NC machine tools, that is, the failure rate function when X = 0; ( , X) represents the failure rate function of NC machine tools under covariate X.
Substituting (2) in (1) gets
Equation (3) is equivalent to the following equation:
( , X)
The failure rate function of NC machine tools under the covariate X 1 is ( , X 1 ); thus,
According to (4) and (5), then
Therefore,
Assume that the probability density function (PDF) of NC machine tools' TBF under covariate vector X is ( , X), and corresponding reliability function is ( , X). According to (7) , ( , X) of NC machine tools is
where ( , X 1 ) is the reliability function of NC machine tools under covariate vector X 1 .
( , X 1 ) can be expressed by
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Therefore, (7) is equivalent to
where is the shape parameter, > 0; is the scale parameter, > 0.
So
Therefore, the PDF of NC machine tools' TBF considering the working conditions can be expressed as
Then, MTBF of NC machine tools under covariate vector X 1 can be obtained by
where Γ( * ) is Gamma function.
Parameter Estimation.
There are several parameters and coefficients in (11) , which are and and = (
, ). Thus, a two-step estimation method to estimate these parameters and coefficients is employed. Firstly, is estimated by the partial likelihood estimation method [31] ; then, and are estimated by the maximum likelihood estimation method. (7), we can get
Covariate Coefficients Estimation. From
Assuming that there are failures, the th failure of NC machine tools can be expressed as ( , , X ), where is time between the −1th failure and the th failure; is an indicator variable of datum ; when = 1, is noncensoring time and when = 0, is censoring time.
Equation (16) is dimensional column vector, which indicates that there are covariates in the th failure of NC machine tools:
) .
Therefore, the partial likelihood function is given by
where is the number of failures whose TBF is equal to . If is the set of failures of NC machine tools at time , then = | |. S is the sum of working condition covariates of failures, and so S = ∑ ∈ X when ∈ ; ( ) is the set of data that NC machine tools do not fail and there is no censoring at .
Now take the logarithm of both sides in (17); then
Take the first derivative with respect to and let it be equal to zero, so
where is the th element in S = ( 1 , 2 , . . . , ). There is no analytical solution to (19) . So Newton-Raphson iterative method is applied to estimating the parameters [32] .
The second partial derivatives of ln ( ) consist of the × order matrix I, of which the elements are
where , = 1, 2, . . . , . So can be estimated by Newton-Raphson numerical algorithm.
Elimination of No Impacting Covariate.
In order to eliminate the covariates which have little or no impact on the reliability of NC machine tools, the likelihood ratio test is used and the procedure is shown in Figure 1 [33] .
The likelihood ratio statistics are constructed according to (13) and (17) . Suppose that there are covariates in the model and −2 ln[ (̂)/ (̂)] is approximate Chi-square distribution whose degree of freedom is − 1. (̂) is the partial likelihood function of the model which does not contain covariate coefficient , and (̂) is partial likelihood function of the model which includes covariate coefficient . So For a given confidence level , if 2 ( − 1) > 2 ( − 1), then has obvious effects on the model and it should be considered in the model; if 2 ( − 1) < 2 ( − 1), then has no effects on the model and it should not be considered.
Parameters Estimation of Baseline Failure Function.
The maximum likelihood estimation method is adopted to estimate the parameters and in (13) , and the likelihood function is given as
Take the logarithm of both sides in (22) ; then
Take the partial derivative of the parameters and in (23), respectively, and then
Since (24) have no analytical solutions, Newton-Raphson numerical algorithm is used to estimate parameters and . 3.1 . Field Test Data Collection. The failure data and the corresponding load data analyzed in this study were collected from 19 machining centers which were used in two user enterprises located in southwest of China. These machining centers were traced from February 10, 2014, to June 20, 2014. The failure data includes failure happening time and ending time, failure cause, failure position, failure phenomenon, and the repair information, all of which are recorded in Appendix A by testers. The load data, including manufacturing procedure, cutting parameters, material, cutting fluid, and environment temperature, are all recorded in Appendix B by testers.
Case Study
According to the failure data and the corresponding load data recorded in Appendix A and B, TBFs and corresponding cutting force, environment temperature, cutting fluid condition, number of tool changes, and other working conditions of the traced machining centers are elicited and arranged. Cutting force, number of tool changes, environmental temperature, and cutting fluid are chosen as the working condition covariates considering the limitation of the testing conditions. The environmental temperature, cutting fluid, and the number of tool changes can be found in Appendix B directly. As for the field reliability test, it is impossible to install force sensors on machine tools, and thus cutting force cannot be measured by the force sensor directly. Therefore, the average cutting force is calculated by empirical formula (25) [34] in combination with the data recorded in Appendix B:
where , , , , , and are coefficients which can be found in [34] ; is the depth of cuts; is the feed of a tooth; is the cutting breadth; is the number of milling cutter teeth; 0 is the diameter of milling cutter; is the rotation speed of milling cutter.
Machining centers used in the first enterprise are mainly for machining cylinder block, cylinder head, connecting plate, and the corresponding mould workpieces. The cutting times of cylinder block, cylinder head, and connecting plate account for 89 percent of the total cutting time. Generally, the machining process of workpiece consists of several operations or more; we calculate cutting forces of the above workpieces, respectively, by the parameters of the operation whose cutting time is the longest. And machining centers in the second enterprise are mainly for machining flywheel, flywheel housing, and cylinder. While the cutting time of these workpieces accounts for about 92 percent of the total cutting time, we also calculate cutting forces of the three workpieces, respectively, by the parameters of the operation whose cutting time is the longest. The parameters of the longest cutting time of the above workpieces are shown in Table 1 .
The average cutting force for the seven workpieces is calculated according to Table 1 and (25). The covariates, TBFs, and other data are shown in Table 2 .
Model Establishment and Comparison between the Traditional Method and the New Method.
The coefficient of the covariate in the proportional hazards model is calculated by the partial likelihood estimation method and the likelihood ratio test, where = 0.05. The results are shown in Table 3 .
It is seen from Table 3 that 2 ( ) is greater than 2 0.05 ( ) in the third step and there are only two covariates in the model, cutting force and number of tool changes, in the third step. Thus, the working condition covariates of cutting fluid and temperature (19 ∘ C-22 ∘ C) have no effects on the reliability of NC machine tools.
The failure rate function with the following working condition covariates, cutting force = 0.35 KN and number of tool changes ℎ = 2, is chosen as the baseline failure rate function in (15) . Then = 1.2121 and = 1156 in (15) are estimated by the maximum likelihood estimation method. The reliability models under different covariates are obtained and shown in Table 4 .
The proportional hazard models under different working condition covariates shown in Table 4 can be transformed into Weibull failure rate models, and then MTBF can be obtained by (14) , as shown in Table 5 .
For comparison, reliability model parameters and MTBF of NC machine tools obtained by the traditional method [35] , which does not consider the working condition covariates and is based on two-parameter Weibull distribution, are also shown in Table 5 . The traditional method uses only two columns (TBF and data type) of data in Table 2 of the same batch of NC machine tools. The detailed procedure of calculation of the traditional method is given in [35] , and the corresponding evaluation result is shown in the last row of Table 5 .
For an obvious comparison, the last column of Table 5 gives the MTBF comparison (MC), which is obtained by
where MTBF trad is the MTBF obtained by the traditional method; MTBF new is the MTBF under different working condition covariates obtained by the new method. From From Table 5 , the PDFs and cumulative distribution functions (CDFs) of NC machine tools' TBF under different working condition covariates obtained by the new method are shown in Figures 2 and 3 , respectively. Meanwhile, the PDF and CDF obtained by the traditional method are also shown in Figures 2 and 3 .
It is seen from Figures 2 and 3 that there are obvious distinctions between the PDF curves and CDF curves obtained 6 Mathematical Problems in Engineering 
), the PDF curves and the CDF curves are even. It can be concluded from the above facts that, under different working conditions, the failure rate of NC machine tools is different, and the traditional method does not consider the differences in the results of reliability evaluation caused by different working conditions. Therefore, the working conditions must be considered in evaluating the reliability level of NC machine tools.
Conclusions
The same NC machine tools under different working conditions have different reliability level. However, traditional reliability evaluation methods do not consider the impacts of working conditions on the reliability of NC machine tools. Considering this problem, the authors propose a new method for NC machine tools' reliability evaluating. The Cox proportional hazards model is used to establish the mathematical relation model between the NC machine tools' reliability and the corresponding working conditions. The likelihood ratio test is used to eliminate the working condition covariates which have no effects on the reliability of NC machine tools. In the parameter estimating process, a twostep estimation method is applied. That is, the coefficients of working condition covariates are firstly estimated by the partial likelihood estimation method, and then the maximum likelihood estimation method is used to estimate the parameters of the baseline failure rate function. Finally, a practical application case is presented. The new method is used for evaluating reliability of NC machine tools under different working conditions, which have 4 covariates (the cutting force, the number of tool changes, the cutting fluid, and the environment temperature). By the likelihood ratio test, the cutting fluid and the environment temperature (within the range of 19∼22 degrees Centigrade) are eliminated, which have no effects on the reliability, and the mathematical relation between the cutting force, the number of tool changes, and the reliability is finally established. When the cutting force and the number of tool changes increase, the reliability of NC machine tools increases. For further comparison, the authors used a traditional method to evaluate the reliability of this batch of NC machine tools. The result of the case study indicates that, compared with the traditional method, the new method can establish the mathematical relation between the working conditions and the reliability, which makes up the defects of traditional methods and provides a more accurate basis for further reliability improvement design and reliability growth.
B. Load Records
Machine Tool Type: 
